Transcallosal inhibitory interactions between primary motor cortices are important to suppress unintended movements in a resting limb during voluntary activation of the contralateral limb. The functional contribution of transcallosal inhibition targeting the voluntary active limb remains unknown. Using transcranial magnetic stimulation, we examined transcallosal inhibition [by measuring interhemispheric inhibition (IHI) and the ipsilateral silent period (iSP)] in the preparatory and execution phases of isotonic slower self-paced and ballistic movements performed by the ipsilateral index finger into abduction and the elbow into flexion in intact humans. We demonstrate decreased IHI in the preparatory phase of self-paced and ballistic index finger and elbow movements compared to rest; the decrease in IHI was larger during ballistic than self-paced movements. In contrast, in the execution phase, IHI and the iSP increased during ballistic compared to self-paced movements. Transcallosal inhibition was negatively correlated with reaction times in the preparatory phase and positively correlated with movement amplitude in the execution phase. Together, our results demonstrate a widespread contribution of transcallosal inhibition to ipsilateral movements of different speeds with a functional role during rapid movements; at faster speeds, decreased transcallosal inhibition in the preparatory phase may contribute to start movements rapidly, while the increase in the execution phase may contribute to stop the movement. We argue that transcallosal pathways enable signaling of the time of discrete behavioral events during ipsilateral movements, which is amplified by the speed of a movement.
Introduction
Transcallosal interactions between primary motor cortices (M1s) are thought to contribute to control unilateral movements (Chen et al., 1997; Hübers et al., 2008; Perez and Cohen, 2008; Beaulé et al., 2012) . For example, transcallosal inhibition targeting a resting hand is important to suppress unintended movements during activation of the contralateral hand (Cincotta and Ziemann, 2008; Giovannelli et al., 2009 ). In the active limb, studies have reported that transcallosal inhibition is present during voluntary activity (Ferbert et al., 1992) and decreases compared to rest Ridding et al., 2000; Chen et al., 2003) . The functional contribution of transcallosal inhibition to ipsilateral movements, however, remains unknown .
Animal studies have proposed that neural activity in callosal neurons enable signaling the time of behavioral events (Soteropoulos and Baker, 2007) . In awake primates, callosal neurons respond largely during ballistic compared to other components of an arm motor task (Soteropoulos and Baker, 2007) . Studies in humans have hypothesized that transcallosal inhibition targeting an active limb contributes to control the timing of muscle activation (Meyer and Voss, 2000; Davare et al., 2007) and motor learning processes, resulting in changes in the speed of motor responses (Kobayashi, 2010; Zimerman et al., 2012) . Furthermore, transcallosal inhibition decreases in individuals with faster compared to slower reaction times (RTs) in the ipsilateral hand after a motor learning task . Thus, if transcallosal pathways are responsive to changes in the speed of a movement, it is important to understand how interhemispheric inhibition is modulated during ipsilateral movements of different speeds.
The activity in the M1 shows different activation patterns in the preparatory phase of upcoming slow and fast movements in animals (Churchland et al., 2006) and humans Leocani et al., 2000) ; then, it is possible that transcallosal pathways also showed different patterns of activity. Indeed, transcallosal inhibition progressively decreases during the preparatory phase of fast movements compared to rest (Murase et al., 2004; Duque et al., 2005; Liuzzi et al., 2010) . The increases in movement speed also results in increments in electromyographic (EMG) activity during movement execution. Electrophysiological studies showed that activity in the ipsilateral motor cortex increases during increments in EMG activity (Stedman et al., 1998; Muellbacher et al., 2000; Hortobágyi et al., 2003; Perez and Cohen, 2008) , and increased corticospinal excitability results in larger interhemispheric inhibition in the ipsilateral limb (Lee et al., 2007) . Therefore, we hypothesized that transcallosal inhibition targeting an active limb will decrease in the preparatory and increase in the execution phase of ipsilateral movements of in-creasing speeds. We also predicted that movement speed will affect similarly distal and proximal arm muscles due to shared control mechanisms between these cortical representations (Soteropoulos and Perez, 2011; Perez et al., 2012) .
To test our hypothesis, we used transcranial magnetic stimulation (TMS) over the ipsilateral motor cortex to measure interhemispheric inhibition (IHI) and the ipsilateral silent period (iSP; Ferbert et al., 1992) , indirect measures of transcallosal activity, in the preparatory and execution phases of slower selfpaced and ballistic index finger and elbow movements. We demonstrate a speed-dependent functional contribution of transcallosal inhibition to ipsilateral movements of rapid speed.
Materials and Methods

Subjects
Twenty four right-handed healthy volunteers (32.8 Ϯ 13.4 years old, 15 females) participated in the study. All subjects gave informed consent to the experimental procedures, which were approved by the local ethics committee at the University of Pittsburgh and were in accordance with the guidelines established in the Declaration of Helsinki.
EMG recordings
EMG activity was recorded bilaterally from the first dorsal interosseous (FDI) and biceps brachii (BB) muscles through surface electrodes (AgAgCl; 10 mm diameter) secured to the skin over the belly of each muscle. EMG signals were amplified and filtered (bandwidth, 30 -1000 Hz) with a bioamplifier (NeuroLog System; Digitimer). The angular displacement of index finger abduction and elbow flexion were recorded by potentiometers (SP30S-10; ETI Systems). All signals were stored on a computer with sampling rate of 2 kHz using a CED 1401 A/D converter (Cambridge Electronic Design) for later off-line analysis.
Experimental paradigm
Subjects participated in a finger and an elbow task. During the finger task, subjects were seated in a chair with the left and right arms flexed at the elbow at 90°, forearm pronated, and the wrist restrained by straps. The tested left index finger was positioned in a half-cylindrical object that was connected to a rotating axis with a potentiometer around the metacarpophalangeal joint (Fig. 1A, left ). During the elbow task, the right arm was maintained in the same position as described above while the left shoulder was flexed at 90°and the elbow flexed at 90°with the forearm supinated and the wrist restrained by straps (Fig. 1A, right) . A custombuilt arm device was used to maintain the position of the left arm with a potentiometer attached to measure elbow flexion. At the start of each experiment, subjects performed three brief maximal voluntary contractions (MVCs) for 3-5 s into index finger abduction and elbow flexion, separated by 30 s. In addition, maximal angular displacement into index finger abduction and elbow flexion were acquired by a custom-built program (LabVIEW). Maximal angular displacement was used to set targets for subsequent submaximal movements. At the beginning of each trial, an auditory go signal and a visual target were presented indicating the amplitude of the movement. To examine physiological measurements at the same level of EMG activity in the FDI and the BB, the visual target was located at a distance corresponding to 20°of index finger abduction in the finger task and 30°of elbow flexion in the elbow task. During each task, subjects were instructed to complete the movement at two different speeds after a go signal: as fast as possible (ballistic movement) and at a slower comfortable speed (self-paced movement). Subjects were instructed to stop the movement as close as possible to the visual target and then return to the starting position. In an additional control experiment (n ϭ 7), subjects were instructed to completely stop the movement in the ballistic task to better match performance strategies across tasks. Here, subjects held their movements on the target position for a few seconds until the visual target disappeared. A familiarization trial was completed at the beginning of each experiment to ensure that subjects were able to complete the task at the adequate speed. A total of 7.3 Ϯ 9.4% trials in which the mean rectified EMG signals were Ͼ2 SD of the mean resting EMG activity, measured 100 ms before the stimulus artifact, were excluded from further analysis.
TMS
Transcranial magnetic stimuli were delivered from a Magstim 200 stimulator (Magstim Company) through a figure-eight coil (loop diameter, 7 cm; type number, 16342) with a monophasic current waveform. TMS was delivered to the optimal scalp position for activation of the left and right FDI and BB muscles. The scalp position for FDI and BB was determined with the coil held tangential to the scalp and the handle pointing backward and 45°away from the midline. With this coil position, the current flowed in a posterior-medial direction and probably produced D and early I wave activation of corticospinal neurons (Sakai et al., 1997) . During testing, the TMS coil was held to the head of the subject with a custom coil holder with the head held with straps against a headrest to restrict movements. TMS measurements included resting motor threshold (RMT), maximal motor evoked potential (MEP) size (MEP-max), paired-pulse IHI, and the iSP.
RMT and MEP-max
RMT (FDI, 44.9 Ϯ 7.7%; BB, 63.7 Ϯ 10.7%; p Ͻ 0.001) was defined as the minimal stimulus intensity required to induce MEPs Ͼ50 V peak-topeak amplitude in 5 of 10 consecutive trials in the relaxed FDI and BB muscles . The MEP-max was defined in all subjects at rest by increasing stimulus intensities in 5% steps of maximal device output until the MEP amplitude did not show additional increase (MEP-max, FDI, 3.56 Ϯ 0.9 mV; BB, 0.83 Ϯ 0.3 mV; p Ͻ 0.001). At the beginning of each session, 20 trials without TMS were recorded to determine reaction time (RT) on each muscle tested during the different movement conditions. RT was defined as the time when mean rectified EMG signal was Ͼ2 SD of the mean resting EMG activity, measured 100 ms before the go signal (Table 1) . Movement amplitude was measured as the angular displacement from the starting position to the peak angle (Table 1) . To compare movement amplitude across tasks, the angular position of the target was subtracted from the maximal peak angle.
Paired-pulse IHI
IHI from the left to the right M1 was tested using a randomized conditioning-test design previously reported (Ferbert et al., 1992) . IHI was tested at rest and in the preparatory and execution phases of selfpaced and ballistic index finger and elbow movements. Testing was completed at a conditioning-test interval of 40 ms, the time between the conditioning stimulus (CS) and test stimulus (TS), which likely reflect activity from similar GABAergic neuronal populations tested with the iSP (see below, iSP; Chen et al., 2003) . The CS was delivered to the optimal scalp position for activating the right FDI and BB muscles. A suprathreshold CS was set at an intensity that elicited ϳ50% of each subject's maximal IHI at rest. This approach was used to ensure that during voluntary activity, we have the possibility to increase and/or decrease the magnitude of IHI (Soteropoulos and Perez, 2011) . The TS was always delivered to the optimal scalp position for activation of the left FDI and BB muscles. The intensity of the TS was adjusted for each subject to elicit a test MEP of ϳ50% of the MEP-max at rest Latency (ms) 33.4 Ϯ 4.4 31.0 Ϯ 2.7 0.11 28.6 Ϯ 3.7 27.6 Ϯ 3.6 0.48 Duration (ms) 34.2 Ϯ 10.7 33.9 Ϯ 11.0 0.78 36.7 Ϯ 8.8 37.4 Ϯ 11.5 0.80 Normalized area (%) 52.8 Ϯ 14.9 43.9 Ϯ 11.8 Ͻ0.001 75.2 Ϯ 13.1 46.2 Ϯ 12.6 Ͻ0.001
(FDI, 50.0 Ϯ 8.3% of MEP-max; BB, 48.7 Ϯ 11.1% of MEP-max; p ϭ 0.28). Using the same CS and TS intensity, IHI was tested at rest and in the preparatory and execution phases of self-paced and ballistic movements.
Preparatory phase. To ensure that stimulation was given at a similar time in the preparatory phase of the movement, the TS was applied ϳ90 ms (average, 87.3 Ϯ 16.2 ms) before the shorter RT obtained during 20 consecutive self-paced and ballistic movements completed at the beginning of the experiment. Because at the beginning of testing, the size of the MEP elicited by the TS in the preparatory phase of self-paced movements increased compared to rest  Table 2 ), IHI was tested after familiarization with the task was completed. On average, the size of the MEP elicited by the TS was similar to the resting condition after 38.3 Ϯ 13.3 trials. In addition, in a separate control experiment, IHI was also tested by adjusting the size of the test MEP to match the size at rest without the familiarization period ( Table 2 ). The size of the MEP elicited by the TS applied ϳ90 ms in the preparatory phase of ballistic movements was not increased ; therefore, no adjustments were completed.
Execution phase. To ensure that stimulation was given at a similar time of the movement duration (self-paced, finger task, 49.7 Ϯ 3.3% of movement amplitude; elbow task, 51.6 Ϯ 4.0% of movement amplitude; p ϭ 0.22; ballistic, finger task, 4.6 Ϯ 2.6% of movement amplitude; elbow task, 3.8 Ϯ 2.5% of movement amplitude; p ϭ 0.46) and background EMG activity (self-paced, finger task, 8.5 Ϯ 4.6% of MVC; elbow task, 7.0 Ϯ 7.4% of MVC; p ϭ 0.22; ballistic, finger task, 31.9 Ϯ 15.7% of MVC; elbow task, 34.2 Ϯ 26.8% of MVC; p ϭ 0.75) during both motor tasks and at a similar time of the peak EMG burst duration across movement speeds (finger task, self-paced, 56.2 Ϯ 4.4% of peak EMG burst; ballistic, 54.9 Ϯ 11.9% of peak EMG burst; p ϭ 0.7; elbow task, self-paced, 59.1 Ϯ 12.6% of peak EMG burst; ballistic, 60.1 Ϯ 14.8% of peak EMG burst, p ϭ 0.8), the TS was applied 829.9 Ϯ 151.1 ms and 70.1 Ϯ 14.6 ms after the beginning of self-paced and ballistic movements, respectively. This also allowed us to applied stimulation during the middle part of the EMG burst in each task. Because the size of the MEP elicited by the TS in the execution phase of movements largely increased compared to rest, it was possible to test IHI by adjusting the size of the test MEP to match the resting condition only in the self-paced task (Table 2) . Furthermore, since IHI was largely abolished in the execution phase of self-paced movements compared to rest, IHI was also tested by using a suprathreshold CS at an intensity that elicited a strong IHI during the execution phase to make further comparisons with responses obtained during ballistic movements. Here, the intensity of the TS was adjusted for each subject to elicit a test MEP of ϳ50% of the MEP-max (FDI, 48.1 Ϯ 19.4% of MEP-max; BB, 51.6 Ϯ 19.1% of MEPmax; p ϭ 0.69). During this comparison, because the size of the MEP elicited by the TS increased during the execution phase of ballistic compared to selfpaced movements, IHI was tested by adjusting the size of the test MEP to match the size of the TS during self-paced movements A, B, IHI tested in the index finger (A) and elbow (B) tasks of a representative subjectatrest(toptraces)andduringthepreparatoryphaseofself-paced(middletraces)andballistic(bottomtraces)movements.Thetest and conditioned (Cond.) MEP are indicated by black and red arrows, respectively. During self-paced and ballistic movements, the traces aboveMEPsshowtherectifiedEMGactivityandangulardisplacementduringeachmovementcondition.Verticallinesshowthetimeofthe TS during IHI testing. Arrows indicate the time points at which the TS and CS are delivered. C, D, Group data (index finger task, n ϭ 12, C; elbow task, n ϭ 8, D). The abscissa shows all conditions tested (rest, self-paced, and ballistic movements). The ordinate shows the magnitudeoftheconditionedMEPexpressedasapercentageofthetestMEP.ThehorizontaldashedlinerepresentsthesizeofthetestMEP. Note that IHI decreased during self-paced and ballistic index finger and elbow movements. Also the decrease in IHI was more pronounced during ballistic compared to self-paced movements in both motor tasks. Error bars indicate SEs. *p Ͻ 0.05. 
iSP
As another measurement of transcallosal inhibition, the iSP was examined in the left FDI and BB muscles in the execution phase of self-paced and ballistic movements. In each session, the intensity of TMS was adjusted in each subject to produce a visible iSP without a previous facilitation. The iSP was more frequently observed in the FDI than BB during self-paced movements. TMS was applied at the same intensity during self-paced and ballistic movements (FDI, 127.6 Ϯ 4.1% of RMT; BB, 126.2 Ϯ 6.3% of RMT; p ϭ 0.53). A total of 40 trials with TMS and 40 trials without TMS were randomly tested on each movement condition. The iSP was measured following a previously standardize method (Trompetto et al., 2004; Tazoe et al., 2013) . iSP onset was defined as the time-point when the EMG activity dropped below the mean (minimal duration of 10 ms), and the end of the iSP as the time-point when the EMG activity returned through this level (Table  3 ). The area of the iSP was calculated using the following formula: [iSP area ϭ (mean EMG burst) ϫ (iSP duration) Ϫ (au_iSP)], where mean EMG burst is the average of the mean EMG burst in the iSP period on trials without TMS, and au_iSP is the area under the rectified iSP. The iSP area was normalized against the level of contraction [iSP area normalized to contraction ϭ iSP area/(area under mean EMG burst on trials without TMS); Table 3 ]. TMS was applied at the same time described above for the TS during IHI testing in both movement conditions. Because the magnitude of background EMG activity during the execution phase increased during ballistic compared to self-paced movements, the iSP was also tested at increasing levels of isometric voluntary contractions (5, 10, 20, 30, 40, and 50% of MVC) . During these trials, the iSP onset, offset, and area were determined using the same parameters described above.
Data analysis
Normal distribution was tested using the Shapiro-Wilk test, and homogeneity of variances using the Levene median test. Repeatedmeasures ANOVAs were performed to determine the effect of movement condition (rest, self-paced, ballistic) and task (finger task, elbow task) in the preparatory and execution phases on IHI. The same analysis was completed to compare RMT, intensities for CS and TS, MEP-max, and mean rectified EMG activity across conditions. Repeated-measures ANOVAs were also performed to examine the effect of movement speed (selfpaced, ballistic) and task (finger task, elbow task) in the preparatory phase on IHI and in the execution phase on the iSP area. The same analysis was performed to examine the effect of MVC level (5, 10, 20, 30, 40 , and 50% of MVC) on the iSP area. A post hoc Holm-Sidak test was used to test for significant comparisons. Pearson correlation analysis was used as needed. Significance was set at p Ͻ 0.05. Group data are presented as the means Ϯ SD in the text. Figure 2 illustrates raw data from IHI measured in the FDI and BB muscles at rest and in the preparatory phase of self-paced and ballistic movements. Note that IHI decreased during self-paced and ballistic index finger and elbow movements compared to rest, but the decrease in IHI was larger during ballistic than selfpaced movements.
Results
IHI
Repeated-measures ANOVA showed a significant effect of movement condition (F (2,36) ϭ 41.7, p Ͻ 0.001), but not task (F (1,18) ϭ 3.1, p ϭ 0.09) nor in their interaction (F (2,36) ϭ 1.6, p ϭ 0.21; Fig. 2 ) on IHI measured in the preparatory phase. Post hoc testing showed that IHI was decreased during self-paced and ballistic movements compared to rest in the index finger (rest, 57.5 Ϯ 7.1%; self-paced, 74.4 Ϯ 22.0%; p ϭ 0.01; ballistic, 95.0 Ϯ 23.6%; p Ͻ 0.001; Figure 2C ) and elbow (rest, 64.2 Ϯ 15.6%; self-paced, 85.7 Ϯ 20.0%; p ϭ 0.01; ballistic, 119.3 Ϯ 35.6%; p Ͻ 0.001; Figure 2D ) tasks. We found that IHI was decreased to a larger extent during ballistic compared to self-paced movements in the finger ( p Ͻ 0.001) and elbow ( p Ͻ 0.001) tasks. Mean background rectified EMG activity in the FDI and BB in the preparatory phase remained similar across conditions (F (2,36) ϭ 0.7, p ϭ 0.52) and tasks (F (1,18) ϭ 0.5, p ϭ 0.51).
Because MEP size increased during the preparatory phase of self-paced movements in trials without familiarization, IHI was also tested by adjusting the size of the MEPs evoked by the TS to match the resting values. Similar to our previous findings, we found a significant effect of movement condition (F (2,30) ϭ 119.8, p Ͻ 0.001) on IHI. During self-paced movements, IHI was decreased compared to rest in the finger (rest, 44.8 Ϯ 11.1%; self-paced, 55.4 Ϯ 11.9%; p ϭ 0.02; ballistic, 87.4 Ϯ 11.8%; p Ͻ 0.001) and elbow (rest, 61.0 Ϯ 111.7%; self-paced, 94.6 Ϯ 9.6%; p Ͻ 0.001; ballistic, 125.4 Ϯ 17.0%; p Ͻ 0.001) tasks. The decrease in IHI was larger during ballistic compared to selfpaced movements in the finger (p Ͻ 0.001) and elbow (p Ͻ 0.001) tasks. Together, these results show that in the preparatory phase of slow and fast movements the magnitude of IHI is decreased compared to rest. However, the decrease in IHI is larger during fast compared to slow index finger and elbow movements. Figure 3 illustrates raw data from IHI measured in the FDI and BB muscles during the execution phase of movements. In contrast to the results in the preparatory phase, we found that IHI increased during ballistic compared to a self-paced movement in both motor tasks. Repeatedmeasures ANOVA showed significant effects of movement speed (F (2,36) ϭ 35.5, p Ͻ 0.001), task (F (1,18) ϭ 15.6, p Ͻ 0.001), and their interaction (F (2,36) ϭ 13.1, p Ͻ 0.001) on IHI measured in the execution phase. Post hoc testing showed that adjusted IHI (ballistic ADJ ) was increased during ballistic compared to self-paced movements in the finger (ballistic ADJ , 69.3 Ϯ 10.6%; self-paced, 79.6 Ϯ 3.9%; p ϭ 0.02; Figure 3C ) and elbow (ballistic ADJ , 41.3 Ϯ 11.4%; self-paced, 81.3 Ϯ 6.6%; p Ͻ 0.001; Figure 3D ) tasks. IHI was unchanged during ballistic compared to self-paced movement in the unadjusted IHI testing in the index finger (p ϭ 0.33) and elbow (p ϭ 0.27) tasks. Here, the size of MEP elicited by the TS during the ballistic tasks was twofold larger than in the self-paced task (Table 2) . During voluntary contraction, mean background rectified EMG activity in the FDI and BB muscles remained similar across tasks (F (1,18) ϭ 0.20, p ϭ 0.66).
The direct comparison of IHI measured in the execution phase of movements and at rest was difficult to achieve due to technical reasons. Below we present the results and the technical challenges, which may contribute to the explanation of some of previous finding reporting a decrease in IHI during tonic voluntary activity compared to rest. Repeated-measures ANOVA showed a significant effect of task (F (2,36) ϭ 33.5, p Ͻ 0.001), but not movement condition (F (1,18) ϭ 0.4, p ϭ 0.54) nor in their interaction (F (2,36) ϭ 1.77, p ϭ 0.19) on IHI measured in the execution phase. Post hoc testing showed that IHI was decreased during the execution phase of self-paced and ballistic movements compared to rest in the finger (rest, 57.5 Ϯ 7.1%; self-paced, 90.8 Ϯ 18.3%; p Ͻ 0.001; ballistic, 98.6 Ϯ 14.4%; p Ͻ 0.001) and elbow (rest, 62.2 Ϯ 15.6%; self-paced, 82.1 Ϯ 19.5%; p ϭ 0.01; ballistic, 92.4 Ϯ 10.0%; p Ͻ 0.001) tasks. Adjusted IHI was unchanged during the execution phase compared to rest during self-paced index finger ( p ϭ 0.73) and elbow ( p ϭ 0.59) movements. Importantly, we found that when IHI was tested during voluntary activity, and depending on the stimulus intensity, the CS elicited an iSP for which rebound was present after the stimulation (self-paced, FDI, 47.2 Ϯ 16.9 ms; BB, 55.5 Ϯ 30.3 ms; ballistic, FDI, 53.2 Ϯ 12.9 ms; BB, 66.3 Ϯ 20.3 ms). This rebound was present at the same time the conditioned MEP for IHI was tested (self-paced, FDI, 65.2 Ϯ 11.0 ms; BB, 65.8 Ϯ 12.8 ms; ballistic, FDI, 64.8 Ϯ 9.0 ms; BB, 67.7 Ϯ 10.6 ms). This result highlights the need to consider these methodological issues during testing of IHI outcomes during voluntary activity (for more details, see Discussion).
In summary, IHI tested in the preparatory phase was decreased during slow and fast movements compared to rest, and this decrease was more pronounced during fast movements. In contrast, IHI tested in the execution phase was increased during fast compared to slow movements. Together, our results demonstrate a differential speed-dependent contribution of transcallosal pathways to ipsilateral movements. iSP Figure 4 illustrates examples of the iSP elicited in the FDI and BB muscles during self-paced and ballistic movements in a representative participant. Note that the area of the iSP was increased during ballistic compared to self-paced movement in the index finger and elbow tasks.
Repeated-measures ANOVA showed significant effects of movement speed (F (1,23) ϭ 35.6, p Ͻ 0.001), task (F (1,23) ϭ 8.4, p ϭ 0.008), and their interaction (F (1,23) ϭ 10.0, p ϭ 0.004) on the iSP area. Post hoc testing showed that the iSP area was increased during ballistic index finger (self-paced, 52.8 Ϯ 14.9%; ballistic, 43.9 Ϯ 11.8%; p Ͻ 0.001) and elbow (self-paced, 75.3 Ϯ 13.1%; ballistic, 46.2 Ϯ 12.6%; p ϭ 0.002) compared to self-paced movements. When both tasks were compared, we found that the iSP was increased to a larger extent during ballistic compared to selfpaced movements in the elbow compared to the finger ( p ϭ 0.01) task. During voluntary contraction, mean background rectified EMG activity in the FDI and BB remained similar across tasks (F (1,23) ϭ 0.28, p ϭ 0.60). The iSP area was increased during the ballistic index finger (self-paced, 56.6 Ϯ 15.1%; ballistic, 50.2 Ϯ 10.2%; p ϭ 0.04) and elbow (self-paced, 76.3 Ϯ 15.2%; ballistic, 47.7 Ϯ 10.6%; p ϭ 0.03) tasks, where subjects were instructed to completely stop the movement on the target position, compared to the self-paced task. Since the amount of EMG background activity increased during ballistic compared to self-paced movements, the iSP was also tested by increasing the levels of EMG activity in the index finger task (Fig. 5) . We found no effect of MVC level on the iSP area in the FDI (F (5,4) ϭ 0.5, p ϭ 0.8) muscle. Overall, these results in agreement with our IHI measurements show that during movement execution, the magnitude of transcallosal inhibition was larger during fast compared to slow index finger and elbow movements.
Correlations analysis
A negative correlation was found between the magnitude of IHI measured in the preparatory phase of ballistic movements and RT (r ϭ Ϫ0.60, p ϭ 0.006; Fig. 6B ). Here, note that individuals with larger decreases in IHI were those who performed movements at faster speeds. The RT during self-paced movements did not significantly correlate with the magnitude of IHI measured during the preparatory phase (r ϭ Ϫ0.37, p ϭ 0.11; Fig. 6A ). The area of the iSP in the execution phase of ballistic movements was positively correlated with the movement amplitude (r ϭ 0.52, p ϭ 0.008; Fig. 6D ). Note that here individuals with stronger suppression of EMG activity were those who performed movements of smaller amplitudes. We did not find a significant correlation between the area of iSP in the execution phase of self-paced movements and the movement amplitude (r ϭ Ϫ0.11, p ϭ 0.61; Fig. 6C ).
Discussion
We demonstrate a speed-dependent contribution of transcallosal inhibition to ipsilateral movements in intact humans. First, we found that IHI decreases in the preparatory phase of self-paced and ballistic index finger and elbow movements compared to rest; the decrease in IHI was larger during ballistic than self-paced movements. Second, IHI and the iSP increased in the execution phase of ballistic compared to self-paced movements. Transcallosal inhibition was negatively correlated with reaction times in the preparatory phase and positively correlated with movement amplitude in the execution phase of ballistic movements. Our results show a differential contribution of activity in transcallosal pathways to discrete times of ipsilateral movements of increasing speed.
Transcallosal inhibition in the preparatory phase of ipsilateral movements of different speeds
Several studies have proposed that the functional role for transcallosal inhibition targeting the ipsilateral resting limb during voluntary activation of the contralateral side is to suppress unwanted EMG activity (Cincotta and Ziemann, 2008; Hübers et al., 2008; Giovannelli et al., 2009; Beaulé et al., 2012) . Much less is known about the role of transcallosal inhibition from a resting to a voluntary active limb . Indeed, it is likely that this contribution will be different since during unilateral movements transcallosal inhibition toward the active limb may be involve in controlling aspects of a voluntary movement. We provide two important novel findings. First, we demonstrate that the contribution of transcallosal inhibitory pathways to the ipsilateral movements is dependent on the speed of a movement. We found that ϳ90 ms before movement onset, IHI decreases during selfpaced and ballistic index finger and elbow movements compared to rest. This is in agreement with previous evidence showing that during the preparatory phase of ballistic movements IHI targeting the ipsilateral limb decreases compared to rest (Murase et al., 2004; Duque et al., 2005; Liuzzi et al., 2010) . Previous studies demonstrated that interhemispheric sharing during a motor task modulates the speed of upcoming movements (Guiard and Requin, 1977) . A widespread disinhibitory effect during the preparation of movements has been observed in animal studies using direct recordings of motor cortical cells (Riehle and Requin, 1989; Churchland et al., 2006) and in human studies by measuring reaction times and physiological measurements (Coles et al., 1988; Chen et al., 1998; Leocani et al., 2000) , including activity of other intracortical inhibitory circuits (Reynolds and Ashby, 1999; Sinclair and Hammond, 2008; . Thus, our findings open the possibility that, as in other motor cortical circuits, a widespread disinhibitory effect also takes place in transcallosal inhibitory pathways before movement initiation. Second, we found that the decrease in IHI was larger during ballistic compared to self-paced movements. Data from studies in animals (Ganguly et al., 2009 ) and humans (Chen et al., 1997; Duque et al., 2005; Davare et al., 2007) suggest that transcallosal pathways contribute to kinematics parameters of ipsilateral arm movements. Our data indicate that the magnitude of the IHI contribution to ipsilateral movements change with movement speed. This agrees with evidence demonstrating that during voluntary activity the speed of a movements act as a multiplier for the modulation of motor cortical cells (Moran and Schwartz, 1999) . This is also supported by the negative correlation found between IHI at fast speeds and reaction times. An interesting question is how this process might occur. Since preparatory activity is predictive of reaction time and movement variability (Bastian et al., 2003; Churchland and Shenoy, 2007) , decreases in IHI at this time may represent an adaptive mechanism to shape a future motor strategy. It has been shown that movement parameters, including movement speed, were specified previously and have a clear impact on a motor plan (Churchland et al., 2006) .
Transcallosal inhibition in the execution phase of ipsilateral movements of different speeds
We found that the iSP and IHI measured during movement execution were increased during ballistic compared to self-paced index finger and elbow movements. This agrees with previous evidence suggesting that the iSP and IHI reflect changes in similar neuronal mechanisms (Ferbert et al., 1992; Chen et al., 2003) . The iSP is thought to be mediated by axons passing through the corpus callosum (Meyer et al., 1995; Boroojerdi et al., 1996) . The cortical origin of the inhibition tested during IHI was provided by showing a suppression of the later indirect waves (I-waves) in recordings of descending volleys with epidural electrodes (Di Lazzaro et al., 1999) and supported by studies in patients (Meyer et al., 1995; Boroojerdi et al., 1996) . Animal studies have shown that callosal neurons in awake primates increase their firing rates during ballistic compared to slower components of an arm motor task (Soteropoulos and Baker, 2007) . Thus, we speculate that higher activity of callosal neurons during rapid movements may contribute to increased transmission in the transcallosal pathway.
Our data indicate that during the execution phase, as in the preparatory phase, transcallosal inhibition also has a functional contribution to rapid ipsilateral movements. This is supported by the positive correlation found between the magnitude of iSP at fast speeds and movement amplitude. Interestingly, subjects who reached the target position earlier showed larger iSPs. Since the iSP involves the removal of voluntary EMG activity, it is plausible that larger removal of EMG activity contributes to preventing movement overshoots from the target position when the speed is high. Moreover, the iSP area was also increased in the ballistic task compared to the self-paced task when subjects were instructed to completely stop the movement for a few seconds in the target position. This is also in agreement with previous physiological (Coxon et al., 2006; Duque et al., 2010) and modeling (Verbruggen and Logan, 2009; Noorani et al., 2011 ) studies proposing that increases in inhibitory processes contribute to stop fast movements. The lack of correlation between IHI at fast speeds and movement amplitude may be related to the nature of this measurement. During voluntary movement, motoneurons and corticospinal axons likely show a nonlinear relationship between "excitability" and their level of activity (Matthews, 1999) , and this applies to MEPs tested during voluntary contractions (Devanne et al., 1997) .
Methodological considerations
As expected, increases in the speed of index finger and elbow movements resulted in increments in the recruitment of EMG activity. Previous evidence showed that larger EMG activity exerted during a unilateral voluntary contraction results in enhanced activity in the ipsilateral motor cortex (Stedman et al., 1998; Muellbacher et al., 2000; Hortobágyi et al., 2003; Perez and Cohen, 2008; Bunday and Perez, 2012) , and increasing corticospinal excitability results in more pronounced IHI targeting the ipsilateral limb (Lee et al., 2007) . Although in our study EMG activity was increased during ballistic compared to self-paced movements, we found that the iSP area was similar at increasing levels of isometric EMG activity, making it less likely that this factor affected our results.
Another important consideration is the comparison of transcallosal inhibition during voluntary activity and rest. Similar to previous studies, we found that IHI tested during voluntary activity was decreased compared to that during rest Chen et al., 2003; Nelson et al., 2009 ). However, our data also indicated that this disinhibitory effect is likely influenced by the aftereffects of the conditioning stimulus. By using a conditioning stimulus intensity that elicited robust IHI at rest, the same conditioning stimulus elicited an iSP during voluntary contraction for which rebound was present at the time that the conditioned MEP for IHI was measured. These and our previous findings (Perez and Cohen, 2008; Yedimenko and Perez, 2010) suggest that, for comparisons, examination of IHI during voluntary activity needs to take into consideration methodological aspects that are modulated by the ongoing voluntary activity. Furthermore, IHI and iSP are indirect measures of transcallosal activity that can be influenced by stimulation parameters (Ferbert et al., 1992; Perez and Cohen, 2008) . In our study, stimulation parameters were maintained similar across the finger and elbow; therefore, it is unlikely that these aspects contributed to our findings. Thus, altogether, our results demonstrate a timeand speed-specific contribution of transcallosal pathways to ipsilateral movements.
Functional significance
Most of our daily tasks involve continuous changes in movement speed. An intriguing question is how transcallosal inhibition may have a differential role during the same ongoing voluntary task at events taking place at short time intervals. In animals, the firing rate of callosal cells during movements, even fast movements, is low (Soteropoulos and Baker, 2007) . It has been proposed that activity of callosal cells may enable signaling for the existence of a discrete behavioral event, but not to encode continuous variables during movement (Soteropoulos and Baker, 2007) . We argue that this role allows transcallosal inhibition to differentially contribute to the preparatory and execution phases of rapid movements. The ability to initiate and stop movements is affected in a number of motor disorders (Lemay et al., 2008; Cameron et al., 2010; Thorns et al., 2010) , opening the possibility that our results impact voluntary output in clinical deficits.
